ABSTRACT: Interpreting and assessing the weight of low-template DNA evidence presents a formidable challenge in forensic casework.
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This was a very complex case that involved physical evidence from several forensic disciplines, as well as a large amount of non-physical evidence. We do not intend to provide a comprehensive description of the evidence or the case, nor will we even address the complicated legal issues that arose. Our intention in this report is simply to outline a novel statistical approach that was used to clarify the weight of several ambiguous DNA profiles obtained from biological evidence items relevant to the case.
The victim in this case was found deceased in her bedroom. She had sustained multiple stab wounds to her body that were determined by the coroner to be the cause of death. Her husband, with whom she shared the residence, was suspected of killing her. In part because of the DNA results, the long-term mistress of the husband became an alternate suspect for perpetrating the murder of the victim.
A number of evidence items collected from the crime scene were analyzed and interpreted by the crime laboratory. These included three bloodstains around the kitchen sink that appeared as diluted vertical drips, and a swabbing of bloodstaining on the handle of a kitchen knife thought to be the murder weapon. No ambiguity existed as to the DNA profile of the major contributor to these bloodstains; this profile was concordant with that of the victim. Nor did any dispute exist as to the random match probability (RMP) reported for this profile. The difficulty arose in interpreting and assigning a statistical weight to the minor profiles detected in these samples. The government laboratory issued several reports over time in which they offered evolving interpretations of the evidence, assigning differing statistical weights to the minor profiles each time. Their calculations were based on variants of either a combined probability of inclusion (CPI) or a modified RMP adjusted for loci at which only a single peak was detected above a particular relative fluorescence units (RFU) threshold. The reason for the difficulty in interpreting the minor profiles was that they exhibited low peak heights, indicating the possibility of allelic drop-out. Allelic drop-out is the situation in which alleles from true contributors are missing from the evidence profile. At some stage of the typing process, the DNA present in the original sample may be nonrepresentatively sampled (stochastic effects), resulting in the failure to detect some alleles in the final profile. This in turn may lead to ambiguity in interpreting the DNA typing results. The likelihood of drop-out is higher when analyzing low-template profiles because the stochastic effects related to sampling DNA molecules during the typing process are greater when analyzing smaller quantities of template (1) . This leads to the concept of a stochastic threshold, typically understood as the RFU value below which one of a pair of heterozygous alleles from a true contributor might fall below the detection threshold set by a laboratory's interpretation guidelines (2) .
One approach to interpreting forensic DNA evidence appropriate for profiles exhibiting possible allelic drop-out emerges from a logical framework based on probabilistic reasoning. The likelihood ratio (LR) is the vehicle by which this approach can be used to provide evidential weight to many different types of complex DNA profiles frequently encountered in forensic cases, such as mixed samples or incomplete DNA profiles (3, 4) . Also, interpretational approaches based on probabilistic reasoning require the alternate hypotheses to be explicitly defined and stated. This is a strength of the approach because it forces one to overtly consider various relevant explanations that could have generated the evidence. The probabilistic approach also enjoys substantial support in the scientific literature, whereas other methods (e.g., CPI, modified RMP, 2p) receive, at most, a tepid endorsement (e.g., [3] [4] [5] [6] [7] [8] [9] [10] . Therefore, using the case data from the laboratory, we calculated LRs that incorporated an empirically derived probability of allelic drop-out for the minor profiles.
Although the government laboratory provided for the use of LRs incorporating a probability of drop-out in their DNA procedures manual, they did not have a convenient tool at their disposal to perform the calculations. We took advantage of computer code written by Professor David Balding, based on equations published by Balding and Buckleton (5) , to calculate LRs incorporating a probability of allelic drop-out. We followed Tvedebrink et al. (11) to empirically estimate the probability of allelic drop-out.
We applied this approach to four different low-template samples in this case. For simplicity, we present here the details for only one sample. Item 24 was a bloodstain near the knife block next to the kitchen sink. The stain appeared to have resulted from a vertical drip, and also appeared substantially diluted, as if it had been mixed with water. We chose this sample because it illustrates the most extreme dichotomy between the laboratory's various calculations and our LR calculations. It is the details of these calculations that we present here.
Materials and Methods

Calculation of LRs for Mixed Samples When Accounting for Allelic Drop-out
Several workers have offered statistical approaches to calculate LRs for mixed DNA samples that also take into account the possibility of allelic drop-out (3, (12) (13) (14) . Professor Balding has recently written scripts using the R statistical package (15) that perform the Balding and Buckleton version of these calculations (5 (5) is that it includes terms that allow for the incorporation of a probability of allelic drop-out (denoted P(D)). Specifically, under H 2 , the program sums over all possible genotypes at each locus for the unknown contributor, weighted by the probability of sampling that genotype from the population (i.e., the genotype frequency) and, conditional on that genotype, the probability of finding the detected alleles in the evidence sample. We will discuss approaches to estimate P(D) later in this paper. For the calculations in this case, we started with the R code provided on Professor Balding's website and made some minor adjustments. To account for possible shared ancestry between the victim and the unknown donor(s) of the evidence, Professor Balding's method uses the allele frequency correction that is analogous to NRC equation 4.10d (9, 16, 17) . We set h equal to 0.01, which is the customary value used in the United States (9). We did not use the database sample size correction available in the R code because all of the alleles observed in the alternate suspect's profile were present in each population database 9 or more times (18) , indicating that an adjustment for the presence of rare alleles was not critical for this case. Professor Balding also performed calculations and provided an initial report in this case. While we ultimately chose slightly different parameters, which were reflected in the R code that we used, our results were concordant with those of Professor Balding.
Interpretation of the Electropherograms
We assigned each peak in the electropherogram for stain 24 to one of three categories: major peaks, minor peaks, and minor peaks at stutter positions. Table 1 illustrates the categorization of alleles for this sample, and also lists the reference profiles for the victim, suspect, and alternate suspect. The first category contains the major peaks that can be accounted for by known individuals who are not disputed to be contributors. In this case, the alleles from the victim fall into this category. For example, at D2S1338, the 17 and the 21 alleles fall into this category ( Fig. 1 , Table 1 ). The second category consists of the minor peaks that are of lower intensity and cannot be explained by the victim's contribution. These alleles must be from a minor contributor. The 19 allele at D2S1338 falls into this category (Fig. 1, Table 1 ). The third category contains observable peaks in stutter positions that could either represent only stutter or could also be masking an allele from the minor contributor. The 16 and the 20 peaks at D2S1338 fall into this category ( Fig. 1 , Table 1 ). When some of the minor peaks in the electropherogram are of the same intensity as the stutter peaks, it can be difficult to distinguish between these possibilities. The R code implementing the method of Balding and Buckleton (5) allows for both possibilities. We also considered several drop-out and drop-in (the sporadic appearance of an allele) probabilities and performed each calculation using allele frequencies from three different major population groups (18) .
Empirical Estimation of Allelic Drop-out Probabilities
The approach of Balding and Buckleton (5) to calculate LRs incorporating a probability of drop-out requires the user to input some value for the drop-out probability (P(D)). While the forensic DNA community has cited a lack of empirical data as one reason for resisting the adoption of an LR approach, we argue that a vast repository of data exists in the years, if not decades, worth of validation studies; the data just need to be parsed. Further, while previous papers have either estimated drop-out or used a range of drop-out probabilities for demonstrating the value of the approach, empirical estimates are preferred for any specific case. Thus, we used the data provided by the laboratory to derive estimates of drop-out probabilities for application to this case.
One complication to estimating drop-out probabilities is that drop-out varies under different conditions encompassing both the quantity and quality of DNA (3, 4, 12, (19) (20) (21) (22) , and hence no one drop-out probability applies to all situations. The inverse relationship of drop-out probability to the amount of DNA amplified forms the basis for the approach used here to estimate drop-out probabilities. One way to estimate the amount of DNA that was amplified is by inference from the peak heights in the electropherogram. Although other factors such as degradation or inhibition can also moderate peak height, as a simple guideline, higher peak heights indicate that more DNA has been amplified. Thus, the higher the peak heights, the lower the probability of drop-out.
The method we used to estimate drop-out probabilities is similar to that described in Tvedebrink et al. (11) . Importantly, these researchers allow the drop-out probability to differ from locus to locus, while in this analysis we assume the same drop-out probability for all loci. While their approach is likely to be more biologically realistic, with the limited validation data that were available to us for this case (four or five profiles for each set of experimental parameters), we did not think it wise to use more complicated models.
We received validation studies from the government laboratory through discovery in this case. These data included electropherograms from the laboratory's sensitivity study. The laboratory typed 4-5 different dilutions for each set of experimental conditions. The various parameters included injection time (5, 10 sec) and injection volume (1.5, 3 lL). They performed these experiments for both single-source samples and mixtures of two individuals. We used these data to find the relationship between the average peak heights over all peaks within a profile and the fraction of alleles that dropped out of the entire multilocus profile under different experimental conditions. Then, applying this relationship to the average RFU values of the evidentiary profiles in this case, we estimated the drop-out probabilities for those samples.
The following describes how the statistics were calculated from the single-source validation profiles. First, define d ij to be the number of alleles that dropped out from the jth locus in the ith replicate profile for a given set of experimental conditions. Then, d i or the total number of alleles that dropped out of profile i is simply
where H is the total number of loci where the individual typed was heterozygous. Then,
The two loci from the electropherogram of Item 24 upon which the laboratory based their initial exclusion of the alternate suspect from the minor profile. The arrows indicate the problematic alleles. (A) At D7S820, the 9 allele was detected at 55 RFU in the 5-sec injection, shown here. (B) At D2S1338, a peak in the 16 position, the stutter position of the 17 allele, did not rise above the stutter threshold in the 5-sec injection because it was only 8.7% the height of the parent peak. The stutter filter in the software treats peaks in stutter positions at this locus as true stutter if the percentage of the parent peak is 11.1% or less. The allele call and peak height at the 16 position were manually added to this figure. Note that the peak in the D2S1338 20 position, although not labeled here, was also included in our likelihood ratio calculations (Table 1) . *Note, although allele 12 falls in a stutter position of a major allele, it is too high (157 RFU) to be solely attributable to stutter. The stutter percentage (the RFU of the 12 allele divided by the RFU of the 13 allele multiplied by 100) is 10.9%, which exceeds the AB stutter value of 9.2%.
† Note, although allele 16 falls in a stutter position of a major allele, it is too high (1321 RFU) to be solely attributable to stutter. The stutter percentage (the RFU of the 16 allele divided by the RFU of the 17 allele multiplied by 100) is 22.1%, which exceeds the AB stutter value of 10.7%.
‡ Note, although allele 16 falls in a stutter position of a major allele, it is too high (663 RFU) to be solely attributable to stutter. The stutter percentage (the RFU of the 16 allele divided by the RFU of the 17 allele multiplied by 100) is 14.6%, which exceeds the AB stutter value of 12.6%. However, this peak is not counted as minor allele because it has an unusual shape and its signal appears to be increased by pull-up from the 7 allele at THO1.
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where P i is the proportion of alleles that dropped out of the ith validation profile. Only peaks at loci where the typed individual was heterozygous were included in this analysis. Second, we tabulated the average heights (in RFU) of the peaks present in the electropherogram. Let X i be the average height of all detected peaks at loci where the typed individual was heterozygous in the ith profile. We chose to use average peak heights across all peaks in the profile, rather than calculate individual statistics for each locus because less sampling variation exists in estimating an average compared with a single data point.
The laboratory also typed profiles from mixtures of two individuals. The same statistics (X i and P i ) were tabulated from these profiles. However, only alleles from the minor profile were considered. Further, only those loci where the minor contributor was heterozygous were included. Specifically, here d ij was defined to be the number of alleles that dropped out from the minor profile of the ith replicate at locus j for a given set of experimental conditions. P i was then defined as
where A j was the total number of alleles at locus j from the minor contributor that do not overlap with alleles from the major contributor. A j was zero if the two alleles from the minor contributor overlapped with two alleles from the major contributor. A j was one if one of the two alleles from the minor contributor overlapped with an allele from the major contributor. A j was two if neither of the alleles from the minor contributor overlapped with alleles from the major contributor. Here, H refers to the total number of loci where the minor contributor was heterozygous. Similarly, for the mixtures, X i only included those peaks at loci where the minor contributor was heterozygous and that did not overlap with an allele from the major contributor. Finally, we determined the relationship between the fraction of alleles that had dropped out (the drop-out probability) and the average RFU value of each single-source or minor profile from the validation data. To do this, we used logistic regression (as suggested by Tvedebrink et al. [11] ) using the glm function implemented in the R statistical package (15) . The logistic model relates the proportion of alleles that dropped out from a particular profile as a function of the average height of the peaks in the profile using the following equation,
In this model, a and b are the intercept and slope, respectively, of the logistic function. The logistic model was fit separately to the various profiles analyzed under different experimental conditions. As an example, Fig. 2 shows the relationship between the proportion of alleles that dropped out and the average RFU value derived from the minor component of a mixture typed using validation samples with 5-sec injections of 3 lL. Each point on the graph represents a particular 15 locus Identifiler ® (Life Technologies, Foster City, CA) profile. As expected, as the average RFU value decreases, the drop-out probabilities increase. The curved line shown on the plot is the bestfit curve from the logistic regression model. The model appears to fit the data quite well as the points fall on, or fairly close to, the line.
From the logistic regression analysis, we obtained an equation for the best-fit curve.
We then used this equation to estimate the drop-out probability for each evidentiary profile in the case. Specifically, for item 24, the average RFU value for the minor profile was calculated from the "minor peaks" column in Table 1 . Entering this variable into the logistic regression equation fit to the validation data allowed us to determine a drop-out probability specific to the evidentiary profile.
Results
We performed LR calculations for four samples in this case, all typed using the Identifiler ® kit. In all samples, the major profile is concordant with that of the victim; minor profiles that are similar, but not identical, to each other are observed in all four samples. Because of the low level of the minor contributor peaks (generally <300 RFU at most loci) in the samples, we must consider the possibility that the minor profiles are incomplete, and may not represent the totality of the minor component(s). Because of this, assigning a statistical strength to the minor profiles proved a challenging exercise. Depending on various analysis parameters, assumptions, and choice of statistical tool, the apparent weight of the evidence varied radically, in some cases by many orders of magnitude. In an extreme demonstration, these variables even determined whether a particular reference sample could be included or should be excluded.
Laboratory Interpretation of the Mixture
A mixed profile was obtained from item 24 in which it was possible to differentiate a major profile and a minor profile. At 13 of the 15 loci, alleles present in the alternate suspect reference profile were either observed in the minor profile or could have been masked by alleles from the major profile. Nevertheless, the laboratory, in their initial report, excluded the alternate suspect, as well as the suspect, as a possible contributor of the minor profile to this sample (Table 2) . According to testimony,
FIG. 2--Relationship between the drop-out probability (vertical axis) and the average RFU in the laboratory validation data (horizontal axis). Each dot represents a particular 15-locus Identifiler
® profile. Note, the fourth profile (at roughly 1100 RFU) from this set was omitted for clarity. The black line is the best-fit line from the logistic regression analysis. The equation from this line is used to estimate drop-out probabilities from the evidence.
the exclusion was based on two problematic loci. First, although a peak is clearly present at the D7S820 9 position in the 3-sec injection, it does not rise above the laboratory's 50 RFU analytical threshold and thus was not labeled by the GeneMapper ® (Life Technologies) software (data not shown); however, the D7S820 9 allele is clearly labeled in the 5-sec injection (Fig. 1) . The laboratory chose to report only the data from the 3-sec injection because some of the larger loci were slightly overloaded in the 5-sec injection; they apparently ignored all data from the 5-sec injection. Second, at D2S1338, the peak in the stutter position for the 17 allele did not rise above the manufacturer's suggested stutter threshold (Fig. 1) . Thus, the laboratory designated the peak as originating only from stutter and did not consider the possibility that a 16 allele from the minor contributor could also have contributed to the peak in the stutter position.
The laboratory subsequently amended their conclusion to include the alternate suspect. To assess the weight of this evidence, the laboratory calculated a CPI, using only those three loci for which all detected peaks at the locus rose above their 200 RFU stochastic threshold. All other loci were disregarded in assessing the weight of this evidence. Using only these three loci, the laboratory offered a CPI of 16% (Table 2 ). In a later report, the laboratory chose to use a different strategy to assess the weight of this item of evidence. Rather than employ their 200 RFU stochastic threshold or use a CPI, they calculated a modified RMP assuming a single minor contributor to the mixture. For loci in which a single minor peak was detected above 100 RFUs, the laboratory multiplied the frequency of this allele by 2 (commonly known as the 2p calculation). Loci where no minor alleles were detected above 100 RFU were not included in the calculation; for loci where both minor alleles rose above 100 RFU, they used a standard RMP calculation. This statistical approach resulted in an estimate of one in every 10,000 individuals as possible contributors to the minor profile of this sample. This calculation also excluded a peak that was, in the interim, determined to be an artifact (Table 2) .
Probabilistic Interpretation of the Mixture
We interpreted the electropherogram from the 5-sec injection. The nominal peak designations were all the same as those that were labeled in the 3-sec injection. Additionally, re-analysis by an independent laboratory using a different typing system (not reported here) further confirmed the D7S820 9 allele. We assigned each peak in the electropherogram to one of the three categories described above. Table 1 lists all of the peaks in the electropherogram that fall into each category, using a 50 RFU detection threshold. We determined an average RFU value of 262 RFU over all the minor peaks in the sample. Using the logistic regression equation derived from the validation data, we estimated that the drop-out probability was <10% (Table 3) across all of the experimental conditions considered. To allow for imprecision in estimating the drop-out probability, we considered a range of values from 0.2 to 10%.
To calculate the LR, we considered the two propositions:
The mixture contains DNA from the victim and the alternate suspect, and H 2 : The mixture contains DNA from the victim and one unknown individual.
The LR is calculated as:
This calculation results from using a drop-out probability of 10%, which was chosen to deliberately underestimate the final strength of the LR (Table 4 ). The DNA profile detected in the sink stain is substantially more likely if the alternate suspect, rather than an unrelated individual, is a minor contributor, even when using what is likely to be an over-estimate of the allelic drop-out probability (Table 4 ). This figure contrasts with the three different calculations provided by the laboratory for this sample, variously, exclusion of the alternate suspect, a CPI of 16%, and a modified RMP of 1/10,000 (Table 2) .
Discussion
We initially became interested in item 24, as well as one other sample, because we were concerned that the laboratory had falsely excluded the alternate suspect. Over time, additional samples became of interest as the laboratory amended their conclusions and statistical estimates several times in an attempt to provide a "conservative" interpretation of evidence. This buzzword is usually invoked as a positive attribute and is meant to avoid overweighting the evidence against a suspect. Unfortunately, that is only true when it is the inclusion of the suspect in an evidence profile relevant to the case that is at issue. Interestingly, this attempt to be overly "conservative," usually understood as aggressively avoiding a false inclusion, in this case actually resulted in a false exclusion. This did no favor for the suspect in this case.
This case highlights two major issues in the interpretation of low-template DNA profiles: (i) The current requirement to a BS, bloodstains; CPI, combined probability of inclusion; LR, likelihood ratio; RFU, relative fluorescence units; DO, drop-out; RMP, random match probability; AS, alternate suspect; V, victim; UK, unknown individual. priori include or exclude a possible contributor, and (ii) subsequently assessing the strength of the evidence. Importantly, no extra polymerase chain reaction cycles were used in this case. This emphasizes the fact that low-template profiles may be encountered in routine forensic casework, whether or not deliberate enhancement procedures are used, and whether or not the laboratory is intentionally typing a sample that is thought, a priori, to contain a low quantity of DNA. Even when the total amount of DNA in a sample appears sufficient, minor components may be present at much lower quantities, presenting a low-template situation.
For item 24 (as well as one other sample), the laboratory initially excluded the alternate suspect as a possible minor contributor to these samples. For stain 24, this exclusion was based on ignoring a peak that was clearly genuine, although falling below 50 RFU in the injection the laboratory picked to interpret, as well as a failure to consider that a peak in the stutter position of a large peak in the major profile might also harbor an allele from the minor contributor. The issues were slightly different for each sample, but included dogmatic adherence to an analytical threshold and an inability to probabilistically address the possibility of allelic drop-out.
Both of these issues trace back to the historical decision of forensic laboratories to assign strict threshold limits to the determination of whether a peak either constitutes a true signal or represents noise or stutter. In our experience, this approach is proving more problematic than helpful in accurately interpreting and assigning statistical weight to evidence samples, especially for low-level, complex mixtures; this case is but one example. A better approach, which will be explored more fully in forthcoming work, enjoys a long history in analytical chemistry, that of setting an analytical threshold based on the quality of validation data, or, better yet, the quality of a particular run. This is often accomplished by setting a limit of detection and a limit of quantitation (2, (23) (24) (25) (26) . At least one paper has been published applying that approach to forensic DNA work (27) , and we are aware of laboratories that have implemented it. This approach allows the analyst to use much more of the data, increasing the reliability of the interpretation. In our experience, much interpretational strife results from gratuitously discarding data based on inflexible laboratory guidelines based as much on policy as science.
Stutter (the in vitro loss or addition of an STR repeat unit) was acknowledged as a limitation of STR markers from the beginning of their forensic implementation; however, the contribution of stutter to the ambiguity of low-level complex mixtures has vastly increased the problem of interpreting such samples. Because no molecular biological solution seems imminent, or even theoretically possible, all we can do is attempt to increase our understanding of the phenomena that affect the proportion of stutter, and also how minor components contribute to peak height in the stutter position of major donors. In the meantime, analysts should remember that, for low-level minor profiles, even stutter peaks that do not rise above a proportion threshold determined for high-quality single-source samples could be masking a true minor allele.
The statistics provided by the laboratory to assess the weight of the DNA evidence substantially underestimated the strength of all four evidence items that we addressed in the case. Indeed, for two items, including item 24, the focus of this paper, they patently excluded the alternate suspect as a possible contributor to the minor profile. Later, the laboratory revised their statistics to account for the possibility of drop-out by excluding (i.e., set the CPI equal to 1) all loci with any peaks between their detection threshold of 50 RFU and their stochastic threshold of 200 RFU. While this is not an uncommon approach, this case illustrates why discarding large amounts of data wholesale is not necessarily a good, useful, or even "conservative," procedure. Rather, this approach substantially understated the strength of the evidence against the alternate suspect.
Our calculations assessed the strength of the evidence using a probabilistic approach, specifically an LR that contained an explicit model of allelic drop-out (calculations available upon request). As such, we used all loci and alleles that rose above the allelic detection threshold of 50 RFU. Importantly, no need exists to apply a stochastic threshold using LRs with drop-out; thus, we were able to incorporate much more of the information present in the evidence profiles. As a result, our statistics are more likely to reflect the true weight of the evidence. While one challenge to the probabilistic approach used here is that it requires the user to input a value for the drop-out probability, we have also shown how laboratory validation data can be used to generate empirical estimates of drop-out probabilities. Any laboratory can apply this approach using their own validation data, adding LRs incorporating allelic drop-out to their forensic casework toolbox.
Conclusions
The conclusions and statistical weighting by the laboratory regarding the four samples we addressed were either patently incorrect or greatly underweighted the evidence with respect to the inclusion of the alternate suspect. For sample 24, discussed in this paper, as well as one other, the alternate suspect was initially falsely excluded as a possible contributor of the minor profile. The numerous factors discussed above culminated in an inability of the laboratory to fully incorporate all of the data present in the sample using appropriate statistical methods. The method of Balding and Buckleton (5) allowed us to incorporate empirically derived drop-out estimates into a more relevant and reliable estimate of the weight of each item of evidence. This *This is the estimated drop-out probability for the minor peaks in item 24, using an average peak height of 262 RFU. This work was all proffered at an admissibility hearing prior to the start of the trial. Although we knew that this was the first time that LRs incorporating drop-in and drop-out would be offered in a U.S. Court of Law, we were unaware that no appellate decision existed with regard to even standard LRs used for mixtures where drop-out was not required to explain a conclusion. In this case, the judge admitted these calculations to be used at trial.
